In this study, the viscous flow behavior and thermomechanical properties of Mg 65 Cu 25−x B x Gd 10 ͑x = 0 and 3 at. %͒ bulk metallic glasses ͑BMGs͒ in the supercooled liquid region have been investigated by using differential scanning calorimetry and thermomechanical analyzer. It has been found that the fragility of the supercooled liquid is reduced by the boron addition, thus, degrading the deformability. This conclusion is supported by the many other extracted parameters. Thus, even with much higher hardness, the B-additive Mg based BMG will be more difficult to be formed, which appears to be a negative factor in applying in the microforming or nanoimprinting industry.
I. INTRODUCTION
Metallic glassy alloys exhibit many interesting physical properties such as excellent elasticity and strength as compared to their crystalline counterparts. Meanwhile, a significant plasticity occurs in the supercooled liquid region, T x Ͼ T Ͼ T g , where T g and T x are the glass transition and crystallization temperatures, respectively, as a result of a drastic drop in viscosity at temperatures above T g . 1 It is now possible to fabricate structural parts with complicated shapes over this temperature region. 2, 3 The excellent workability and surface printability in the supercooled liquid state has been considered to be one of the most attractive properties of bulk metallic glasses ͑BMGs͒. [4] [5] [6] [7] In general, low viscosity and high thermal stability ͑against crystallization͒ of a supercooled liquid are the two main prerequisites of BMGs for superplastic microforming or imprinting of microelectromechanical system ͑MEMS͒ devices.
The temperature dependence of viscosity in the Zr, Mg, La, and Pd based BMGs has been measured by using various thermomechanical techniques to assess the glass fragility before. [8] [9] [10] [11] [12] [13] Compared to Zr, La, and Pd based BMGs, Mg glasses have a much lower T g in the range of 140-160°C, enabling favorably low working temperatures for microforming or imprinting.
14 In addition, Mg based BMGs exhibit a critical thickness on the millimeter to centimeter scale, 15 a sufficiently high glass forming ability 16, 17 ͑GFA͒ with critical cooling rate below ϳ10 2 K / s, 18 a wide supercooled liquid region 19, 20 ͑⌬T x = T x − T g , ϳ60 K͒, and high specific strength [21] [22] [23] ͑ϳ3 ϫ 10 5 N m kg −1 ͒. Thus, it is of interest to study their flow behavior around and above T g .
Based on our previous results, 24 ,25 a suitable addition of 3 at. % boron into a Mg-Cu͑Ni͒-Y͑Gd͒ based BMGs could effectively raise the hardness at room temperature, thereby improves wear resistance. Meanwhile, the activation energy for crystallization ⌬G c ͑or the thermal stability͒ 26 was also found to increase with the addition of a small amount of boron, indicating small boron atoms tend to occupy the free volume space, which makes the diffusion of Mg and Cu atoms difficult. Similar effects have also been found in the Zr based BMGs. 26 Therefore, from strength and thermal stability points of view, Mg based BMGs with a small amount of B might be promising alloys. However, the viscous fragility, thermomechanical properties, and the workability of the Mg-Cu-Gd based system with the addition of boron have not yet been studied. In this paper, the viscous flow behaviors over the supercooled melt regime are examined by using a thermomechanical analyzer ͑TMA͒.
II. EXPERIMENTAL PROCEDURES
The master ingot of Cu-Gd-͑B͒ alloys were first prepared by arc melting high-purity Cu ͑99.999%͒, Gd ͑99.9%͒, and B ͑99.5%͒ under a Ti-gettered argon atmosphere. The Mg based BMG rods measuring 4 mm in diameter and 8 mm in length were prepared by injection melting of an appropriate mixture of Mg and Cu-Gd ingot plus boron addition in a purified argon atmosphere. The base alloy has a composition of Mg 65 Cu 25 Gd 10 ͑in atomic percent͒ and the modified alloy Mg 65 Cu 22 B 3 Gd 10 , partially replacing Cu by 3 at. % B. The amorphous nature of the as-quenched BMG rod samples were confirmed by using x-ray diffractometry ͑Siemens D5000͒ with a monochromatic Cu K␣ radiation. The basic thermal properties were measured in a continuous heating mode with a heating rate of 10 K / min by differential scanning calorimetry ͑DSC͒ ͑PYRIS Diamond DSC͒. The temperature and heat flow of the DSC were calibrated by using pure In and Zn standard samples. The microhardness testing of the samples are conducted by using a SHIMADZU HMV-2000 Vicker's microhardness tester. The samples cut from a͒ Electronic mail: jacobc@mail.nsysu.edu.tw.
the BMG rods to expose the center cross-sectional portion and the tests apply a load of 200 g and duration of 15 s. The temperature dependences of the relative displacement, effective viscosity, and effective linear expansion coefficient were measured by using a TMA 7 ͑Perkin Elmer Diamond͒ under the isochronal ͑i.e., nonisothermal͒ condition at a heating rate of 10 K / min from 300 to 500 K and a fixed compression load of 50 mN. Temperature was calibrated by using pure In and Zn samples as standards. Displacement data under various pressures and temperatures were collected simultaneously upon heating. The thermal stability during loading or forming was evaluated by using TMA under an isothermal condition at a constant temperature of T g + 0.5⌬T x in the supercooled liquid region under a constant load of 10 mN-5 N.
III. RESULTS AND DISCUSSION
X-ray diffraction patterns, as shown in the inset of Fig.  1 Fig. 2 . On these TMA curves, the onset temperature T onset is defined as the initial temperature with apparent viscous displacement T vs , which is defined as the temperature for viscosity at the quasisteady state or the temperature with the lowest viscosity, and T finish is defined as the finish temperature with viscous flow or the starting temperature for the fully crystallized alloy. These characteristic temperatures for these two alloys are also listed in Table I . In Fig. 2 , the true compressive strain ͑͒ is calculated by =ln͑l / l 0 ͒, where l and l 0 are the specimen final and initial length ͑ϳ8 mm͒, respectively. Generally, samples do not deform notably in the rigid glassy state until the temperature is above T g . In this region, the sample continuously deforms with increasing temperature until the primary crystallization 
B. Viscosity
The viscosity is calculated by the Stefan equation 29 with the geometrical correction of viscous flow
where , , d 0 , and n are the true stress, strain rate, initial sample diameter, and nominal strain, respectively. In the equation, the true compressive stress is calculated by using = ͑F / A 0 ͒͑l / l 0 ͒, where F and A 0 are the applied load and initial cross-sectional area ͑12.56 mm 2 ͒, respectively. The viscosities as a function of temperature for the two alloys above the T g are shown in Fig. 3 . The viscosity values vary from 10 6 to 10 10 Pa s, decreasing initially with increasing temperature and then reaching a minimum. With continuous heating, crystallization is expected to occur and viscosity increases. The minima for the two alloys occur at a slightly different temperature, approximately at their corresponding crystallization temperatures. The variations of viscosity of the two amorphous alloys as a function of the inverse of temperature are shown in Fig. 4͑a͒ . The functional trend is noted to be consistent with those for Zr-and Au-BMGs. 8, 30 Kato et al. 31 In general, strong glass formers, such as SiO 2 , exhibit a very low VFT temperature T 0 and a very high melt viscosity of about 10 11 Pa s at T g * / T = 0.9. By contrast, fragile glass formers show a VFT temperature close to the glass transition temperature and melt viscosities of about 10 4 Pa s at T g * / T = 0.9. For the present alloys, the curves for Mg-Cu͑B͒-Gd BMGs diverge in T g * / T = 0.8ϳ 1.0, as shown in Fig. 4͑b͒ , and the viscosity varies within 10 7 -10 9 Pa s at T g * / T = 0.9. The VFT temperature T 0 is found to decrease from 260 K for the base alloy Mg 65 Cu 25 Gd 10 to 241 K for the boron-containing alloy, as listed in Table II , suggesting the stronger nature of the latter alloys. The viscosities of the current Mg based BMGs are noted to fall in the range between the strong and fragile glasses.
The value of T 0 / T g * is a useful index expressing the difference between T 0 and T g * . Generally speaking, for a very strong glass, such as SiO 2 , T 0 / T g * is close to ϳ0, in contrast, it is it is close to ϳ1 for a very fragile glass such as o-terphenyl. In other words, the variation of log ͑T͒ as a function of the inverse temperature is expected to be linear in the entire temperature range for strong glass but for a fragile glass, the curve should be convex. For fragile BMGs, such as Au 77 Ge 13.6 Si 9.4 ͑Ref. 30͒ and Pd 79.5 Au 4 Si 18.5 , 34 their T 0 / T g * values were reported to be close to ϳ0.85 and the log ͑T͒ function shows a large deviation from linearity. In comparison, the T 0 / T g * value is about ϳ0.63 for the commercial Zr based BMG Vit1. 31 These results suggest that the T 0 / T g * value is probably 0.5-0.9 for BMGs. In the case of the current Mg 65 Cu 25 Gd 10 , the T 0 / T g * value is about to 0.66. However, with increasing amount of boron in replacing the copper atoms, it gradually decreases to ϳ0.61 ͑Table II͒, that is, Mg 65 Cu 22 B 3 Gd 10 is less fragile and is closer to a strong glass. This is apparently attributable to the fact that the small boron atoms can easily occupy the free volume of the Mg based BMG, so to make the structure denser and to retard the mobility of the constituent elements.
C. Mechanical formability
It is generally recognized that, at a given heating rate, a BMG with lower min has a better and easier near-net shape capability with finer surface printability. 31 To express the degree of workability of a supercooled liquid of metallic glasses, the deformability d * has been defined as
where ͓T finish ͑␣͔͒ = min ͑␣͒. With ␣ = 0.167 K / s in the present study, d * ͑␣͒ can be calculated from Eq. ͑3͒ by using the data from Fig. 3 , and they are tabulated in Table II It is intended to explore the underlying reasons for the inferior workability of the B-additive BMGs during the viscous flow regime. The homogeneous deformation of BMG can be described by a free volume model developed by Spaepen 35 and Argon. 36 The stress-strain-temperature relationship follows
where ␥ is the shear strain rate, ␤ is a geometrical factor between 1 and 0.5, v * is the effective hard-sphere size of the atom, v f is the average free volume of an atom, ␥ 0 is the shear strain of a basic flow unit or shear transition zone ͑STZ͒, v 0 is the volume of a flow unit, ⍀ is the atomic volume, J is the atomic vibration frequency, ⌬G m is the thermal activation energy, k is the Boltzmann constant, T is the absolute temperature, and is the applied shear stress. Yang et al. 37 pointed out that Eq. ͑4͒ at low stresses and a fixed temperature Eq. ͑4͒ can be simplified to
where
is a temperature dependent constant. It needs to be noted that the current TMA was conducted under the compressive mode. However, during the heating period, thermal expansion will produce a tensile displacement, which must be corrected before the actual material response to the compressive stress can be evaluated. Consequently, we measured the CTE of the current Mg based BMGs and obtained a value of about 6.7 ϫ 10 −6 m / m K, and made corrections on both the displacement and strain rate ͑␥ ͒. With the corrected strain rate and the measured stress, the material constant ␥ 0 v 0 can be determined from the slope in Eq. ͑5͒, as shown in Fig. 5 10 , respectively. Therefore, it appears that the addition of small boron atoms can occupy some free volume, and thus, decrease the size of flow unit.
On the other hand, at low stresses and a fixed strain rate, Eq. ͑4͒ can also be simplified to 25 Gd 10 suggests that the replacement of Cu by 3 at. % B atoms not only reduces the free volume and STZ size but also make the viscous flow more difficult. Based on the above analyses, it is demonstrated that the determination of the workability of a BMG within the supercooled liquid regime is not straightforward. Several parameters, including the viscosity level, the supercooled temperature range under various applied loads, the workability index, and the thermal stability under loading or forming, must be sought simultaneously. Mg based alloys, such as Mg 65 Cu 25 Gd 10 , are attractive along this line owing to their low price ͑compared to Au, Pd, Pt, or Zr based BMGs͒, low glass transition temperature ͑around 423 K, and thus, the lower forming temperature͒, sufficiently low viscosity, and adequate workability. With the addition of minor boron, many of the properties are changed to a different extent. Table III summarizes the comparison of the performance of these two alloys. When the Mg based BMG is heated to the supercooled viscous regime for microforming, the B-additive alloy appears to show a more viscous nature ͑higher min ͒, a smaller working window ͑lower ⌬T x * ͒, lower fragility ͑higher D * and lower T 0 / T g * ͒, inferior workability ͑lower d * ͒, and a higher difficulty in viscous flow ͑lower STZ unit and higher ⌬G m ͒. Overall, if the surface hardness and wear resistance of the MEMS piece is of more concern, Mg 65 Cu 22 B 3 Gd 10 might be a better choice. If the forming or imprinting practice is of more concern, the d * parameter might become more important than other parameters and Mg 65 Cu 25 Gd 10 appears to be a more promising alloy.
IV. SUMMARY
In this paper, the viscous flow behaviors and the thermomechanical properties of the Mg 65 Cu 25−x B x Gd 10 ͑x =0 or 3 at. %͒ in the supercooled liquid region BMGs are investigated using DSC and TMA. The following conclusions are reached. ͑higher D * and lower T 0 / T g * ͒, inferior workability ͑lower d * ͒, and a higher difficulty in viscous flow ͑lower STZ unit and higher ⌬G m ͒. ͑2͒ The fragility of Mg 65 Cu 22 B 3 Gd 10 is decreased with the addition of a small mount of boron in replacing copper. This is attributable to the fact that the small boron atoms can easily occupy the free volume of the Mg based BMG, so to make the structure denser and to retard the mobility of the constituent elements. ͑3͒ If the wear resistance of the MEMS piece is of more concern, the hardness will be necessarily considered, and the Mg 65 Cu 22 B 3 Gd 10 might be a better choice over Mg 65 Cu 25 Gd 10 . However, if the forming or imprinting practice is of more concern, the d * parameter might become more important than other parameters and the Mg 65 Cu 25 Gd 10 appears to be a more promising alloy. 
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